The taxonomic position of a novel actinomycete, strain RC 1831 T , isolated from the sediment of a fish dumping yard at Barkul village near Chilika Lake, Odisha, India, was determined by a polyphasic approach. Based on morphological and chemotaxonomic characteristics the isolate was determined to belong to the genus Streptomyces. The phylogenetic tree based on its nearly complete 16S rRNA gene sequence (1428 nt) with representative strains showed that the strain consistently falls into a distinct phyletic line together with Streptomyces glaucosporus DSM 41689 T (98.22 % similarity) and a subclade consisting of Streptomyces atacamensis DSM 42065 T (98.40 %), Streptomyces radiopugnans R97 DSM 41901 T (98.27 %), Streptomyces fenghuangensis GIMN4.003 T (98.33 %), Streptomyces nanhaiensis DSM 41926 T (98.13 %), Streptomyces megasporus NBRC 14749 T (97.37 %) and Streptomyces macrosporus NBRC 14748 T (98.22 %). However, the levels of DNA-DNA relatedness between strain RC 1831 T and phylogenetically related strains Streptomyces atacamensis DSM 42065 T (28.75±3.25 %) and Streptomyces glaucosporus DSM 41689 T (15±2.40 %) were significantly lower than the 70 % threshold value for delineation of genomic species. Furthermore, the isolate could be distinguished phenotypically on the basis of physiological, morphological and biochemical differences from its closest phylogenetic neighbours and other related reference strains. Strain RC 1831 T is therefore considered to represent a novel species of the genus Streptomyces, for which the name Streptomyces barkulensis sp. nov. is proposed. The type strain is RC 1831 T (5JCM 18754 T 5DSM 42082 T ).
Streptomyces is the largest genus of the phylum Actinobacteria (Kämpfer & Labeda 2006; Lodders & Kämpfer, 2007) , comprising, at the time of writing, more than 600 recognized species (Hain et al., 1997) . They are typically aerobic, Gram-positive and with a high DNA G+C content, showing presence of spore-bearing aerial and substrate mycelia and LL-diaminopimelic acid (LL-DAP) with no characteristic sugars in the cell wall (Williams et al., 1983; Embley & Stackebrandt, 1994) . They are widely known for their ability to produce a broad range of secondary metabolites, bioactive compounds and industrially important enzymes, which makes them an important genus for scientific exploration of many useful products (Bérdy, 2005; Watve et al., 2001; Chater et al., 2010) . The conventional systematics of the genus Streptomyces based on phenotypic characteristics (Williams et al., 1983; Kämpfer et al., 1991) has undergone a radical change with the application of molecular systematics (Goodfellow et al., 1992; Embley & Stackebrandt, 1994; Lanoot et al., 2002 Lanoot et al., , 2004 Hatano et al., 2003; Kämpfer, 2012) . Although comparison of 16S rRNA gene sequences for classification at the genus level has been widely used for Streptomyces taxonomy, differences at the species level are difficult to establish when 16S rRNA gene sequence similarities are .97 % (Stackebrandt & Goebel, 1994) . Moreover, high 16S rRNA gene sequence similarities between type strains often pose problems for the description of novel species within the genus Streptomyces. These species can be delineated through a polyphasic approach, i.e. study of the combination of phenotypic and genotypic features (Kämpfer et al., 2008) . Polyphasic approaches hence continue to present us with large numbers of novel species and has shown that the genus Streptomyces is largely underspeciated (Goodfellow et al., 1992; Kim and Goodfellow, 2002; Saintpierre et al., 2003) . Species description with recently developed techniques, such as numerical classification for taxonomic evaluation and multilocus sequence analysis (Kämpfer & Labeda, 2006; Goodfellow et al., 2007; Rong & Huang, 2010; Labeda et al., 2012) , have also been found to be valuable in the classification of new affiliates to the taxon isolated from diverse geographical environments. While screening for chitin-degrading bacteria, strain RC 1831 T was isolated from a fish dumping yard sediment (pH 8.5 and salinity 9.6 p.p.t.) near the shoreline of the brackish Chilika Lake (19 u 719 N 85 u 199 E) in Barkul village, Khurda district, Odisha, India. Taxonomic investigation using a polyphasic approach confirmed that the new isolate represented a novel species within the genus Streptomyces.
Strain RC 1831 T was isolated after 7 days of incubation at 30 u C with the appearance of a zone of clearance on a colloidal chitin agar medium (Hsu & Lockwood, 1975) supplemented with nystatin (50 mg l 21 ), when inoculated with a sediment sample suspension. Strain RC 1831 T showed the characteristic presence of spore-bearing aerial and substrate mycelia, which is a morphological attribute of the genus Streptomyces (Kämpfer, 2012). The pure strain was maintained routinely on agar plates of modified Luria-Bertini (LB) media fortified with seawater (SWLB; 10.0 g tryptone, 5.0 g yeast extract, 5.0 g NaCl, 500 ml seawater, 500 ml distilled water, 18 g agar, pH 7.0) at 4 u C and as a suspension of mycelia and spores in 50 % (v/v) glycerol at 280 u C. Biomass required for chemotaxonomic and molecular analyses was obtained by culturing isolate RC 1831 T in SWLB for 48 h at 30 u C and cells were harvested by centrifugation and resuspended in water/2-propanol (1 : 1, v/v) (Ray et al., 2013) .
The genomic DNA of strain RC 1831 T was extracted by the method of Kieser et al. (2000) and the 16S rRNA gene was amplified by PCR (Gene Amp PCR machine; Perkin Elmer) using primers as described by Lane (1991) . Amplified product was purified with a spin column (QIAquick PCR Purification kit; Qiagen) and sequenced using an ABI prism dye terminator cycle sequencing kit (ABI prism model 3700; Applied Biosystems) as described by Edwards et al. (1989) . The nearly complete 16S rRNA gene sequence (1428 nt) was compared with sequences of representative species of the genus Streptomyces deposited in the GenBank database (Altschul et al., 1997) using the BLAST program and EzTaxone server version 2.1 . The 20 sequences showing the highest scores were selected for the calculation of pairwise sequence similarity using a global alignment algorithm, which was implemented at the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/). The recovered sequences were aligned with the sequence of strain RC 1831 T using CLUSTAL W (Larkin et al., 2007) and edited using BioEdit Sequence Alignment Editor, version 7.1.3 (Hall, 1999) . The phylogenetic relationships were established using the maximum-likelihood (Felsenstein, 1985) , maximum-parsimony (Fitch, 1971 ) and minimum-evolution (Rzhetsky & Nei, 1992) algorithms of MEGA version 5.1 software (Tamura et al., 2011) . An evolutionary distance matrix was calculated using the method of Kimura's two-parameter model (Kimura, 1980 ) and a phylogenetic tree was reconstructed using the neighbour-joining (Saitou & Nei, 1987) method with Actinomadura hibisca JCM 9627 T as an outgroup. The topology of the phylogenetic tree was evaluated by MEGA v. 5 using the bootstrap resampling method with 1000 replicates (Felsenstein, 1985) .
Culture traits of strain RC 1831 T were recorded after 21 days of incubation at 30 u C on several International Streptomyces Project (ISP; Shirling & Gottlieb, 1966) media. Colour evaluations on ISP media for diffusible pigments were assessed by comparing the cultures with colour chips from ISCC-NBS Color Charts standards no. 2 2106 (Kelly, 1964) . Investigation of morphological and chemotaxonomic attributes which are representative of the genus Streptomyces were carried out for strain RC 1831 T (Williams et al., 1989; Embley & Stackebrandt, 1994; Manfio et al., 1995; Stackebrandt & Ebers, 2006) . Strain RC 1831 T was incubated on SWLB agar for 3-4 weeks at 30 u C to observe spore chain morphology, spore surface and spore chain ornamentation by light microscopy (DM2000, LAS v. 4.2; Leica) and scanning electron microscopy (EVO40; Zeiss). Several biochemical and physiological characteristics of strain RC 1831 T and its phylogenetically closest neighbours were tested and compared using the well-established procedures of Shirling and Gottlieb (1966) , Williams et al. (1983) and Kämpfer (2012). Enzyme hydrolysis, and urea and citrate utilization tests were performed on LB agar media and carbohydrate utilization tests were carried out on basal salt media supplemented with 1 % (v/v) of the individual carbon source. Catalase activity was determined by oxygen bubble formation on addition of H 2 O 2 (4 %) to colonies and oxidase activity was checked by a change in colour of an oxidase disc (HiMedia). Estimation of melanin production and nitrate reduction were tested on ISP media according to the methods described by Gordon et al. (1974) , Williams et al. (1989) and Goodfellow (1971) . Physiological tolerance to temperature (20-50 u C) and pH (6.0-10.0) was tested on LB agar media and NaCl tolerance (0-18 % w/v) was tested in LB broth media incubated for 14-21 days at 30 u C. Antibiotic susceptibility was examined using antibiotic discs (HiMedia) as described by Williams et al. (1983) (Madigan et al., 1997) .
The diagnostic isomer LL-DAP and whole-cell wall sugars were analysed as described by Rhuland et al. (1955) and Staneck & Roberts (1974) , respectively. Polar lipid analysis was carried out according to Bligh and Dyer (1959) and Tindall et al. (2007) . Respiratory quinones were extracted using the two-stage method and separated into their different classes (menaquinones, ubiquinones, etc.) as described by Tindall (1990a, b) and further analysed by HPLC (Kroppenstedt, 1985) . Fatty acid analysis was performed according to standard procedures as described by Sasser (1990) and comparison of the results was done with fatty acid databases included in the Microbial Identification Software package (Sherlock, Version 6.1). The G+C content of the genomic DNA of strain RC 1831 T was determined by using the thermal denaturation method of Mandel and Marmur (1968) on a Peltier system spectrophotometer (Perkin Elmer).
Microscopic studies for morphological observations revealed the presence of branching aerial and substrate mycelia which differentiate into well-developed aerial spore chains. At maturity, aerial hyphae produced rounded spores (161 mm) in spore chains which are straight to flexuous (Rectiflexibles) with a warty spore surface (Figs 1 and S1, available in the online Supplementary Material). The isolate exhibited good growth on ISP 3 and ISP 6, moderate growth on ISP 4, ISP 5 and ISP 7, but no growth on ISP 2. No diffusible pigments were detected on any of the ISP media tested. No aerial mycelia were recorded on ISP 4, ISP 5 or ISP 7 (Table 1) . Strain RC 1831 T was positive for hydrolysis of starch, cellulose and pectin, gelatin liquefaction, milk coagulation, degradation of Tween 80, lecithin, tributyrin and chitin, and presence of catalase and oxidase; it was negative for urea and citrate utilization, nitrate reduction and hydrolysis of xylan. Growth occurred at pH 8-10 (optimum, pH 8), at 40 u C (optimum, 30 u C) and with 0-10 % (w/v) NaCl (optimum, 8 % NaCl); it was able to tolerate up to 18 % NaCl. Cellobiose, D-fructose, D-galactose, D-glucose, D-mannose, maltose, raffinose, ribose, L-rhamnose and D-xylose could be utilized as sole carbon and energy source, but not arabinose, inositol or lactose (Table 1) .
The chemotaxonomic features of strain RC 1831 T were consistent with the genus Streptomyces. It showed the diagnostic presence of LL-DAP in the cell-wall peptidoglycan with no characteristic sugar pattern, which is indicative of cell-wall type I (Lechevalier & Lechevalier, 1970; Williams et al., 1989) . The whole-cell hydrolysate contained glucose and ribose and the most prominent type II polar lipids were diphosphatidylglycerol and phosphatidylethanolamine. Phosphatidylinositol, phosphatidylinositolmannoside and an unknown phospholipid were also observed (Fig. S2) . The major menaquinones were MK-9 (H 4 ) (12 %), MK-9 (H 6 ) (53 %) and MK-9 (H 8 ) (16 %), with minor traces of MK-9 (H 2 ) (2 %), MK-9 (1 %), MK-8 (H 4 ) (1 %), MK-10 (H 4 ) (3 %), MK-10 (H 6 ) (7 %) and MK-10 (H 8 ) (3 %). The cellular fatty acids consisted of iso-C 14 : 0 (7.03 %), C 14 : 0 (0.56 %) iso-C 15 : 0 (3.83 %), antiso-C 15 : 0 (25.91 %), C 15 : 1 B (0.37 %), C 15 : 0 (1.94 %), iso-C 16 : 1 H (1.04 %), iso-C 16 : 0 (25.24 %), C 16 : 1 v9c (3.12 %), C 16 : 0 methyl (2.31 %), C 16 : 0 (8.72 %), antiso-C 17 : 1 (3.83 %), iso-C 17 : 0 (2.89 %), C 17 : 1 v9c (0.81 %), antiso-C 17 : 0 (8.89 %), iso-C 18 : 1 H (0.38%), iso-C 18 : 0 (0.38 %), C 18 : 1 v9c (0.18 %), C 18 : 0 (0.64 %), C 14 : 1 v9t/ 9c (0.13 %) and C 18 : 1 v11c/9t/6t (0.24 %). The G+C content of the genomic DNA was 66.2 mol% (mean of two replicates). All the above features confirmed the classification of strain RC 1831 T to the genus Streptomyces.
Comparison of the almost-complete 16S rRNA gene sequence of strain RC 1831 T (1428 nt) with those of closely related type strains clearly revealed its phylogenetic affiliation to the genus Streptomyces. Based on 16S rRNA gene sequences, the closest neighbour to strain RC 1831 T was Streptomyces atacamensis DSM 42065 T (Santhanam et al., 2012) , at a similarity of 98.4 %, a value which corresponds to 23 nt differences over 1401 locations. This was supported by all tree-making algorithms (neighbourjoining, minimum-evolution, maximum-likelihood, maximum-parsimony) with a high bootstrap value (.90 %) (Fig. 2) . However, strain RC 1831 T also formed a distinct phyletic line with Streptomyces glaucosporus R97 DSM 41689 T (98.22 % 16S rRNA gene sequence similarity) and a close subclade showed a corresponding branch composed (Zhu et al., 2011) . All strains were grown at pH 7 and utilized Dfructose, D-glucose and D-galactose as sole carbon sources. +, Positive; 2, negative; OW, off-white; BR, brownish red; PY, pale yellow; PO, pale orange; YW, yellowish white; GW, greenish white; BL, black; OB, off-brown; PB, pale brown; B, brown; ND, not determined. (Shirling and Gottlieb, 1966) .
LB broth. S. radiopugnans R97 DSM 41901 T (DQ912930) Fig. 2 . Neighbour-joining tree (Saitou & Nei, 1987) based on analysis of the nearly complete (1428 nt) 16S rRNA gene sequence showing the position and phylogenetic relationship between strain RC 1831 T and other related members of the genus Streptomyces. Asterisks indicate conserved branches recovered when the minimum-evolution (Kimura, 1980) Table 1 . The spore chain arrangement, colour of aerial spore mass (ISP 3), spore shape and spore surface ornamentation for strain RC 1831 T were straight to flexuous, white, round and warty, as compared with straight, grey, cylindrical and smooth for Streptomyces atacamensis DSM 42065 T . The results also showed differences between strain RC 1831 T and Streptomyces atacamensis in the colour of substrate mycelium on several ISP media (Table 1) .
S.glaucosporus
Hence, a combination of the phenotypic and genotypic data presented clearly demonstrates that strain RC 1831 T merits recognition as the type strain of a novel species within the genus Streptomyces, for which the name Streptomyces barkulensis sp. nov. is proposed.
Description of Streptomyces barkulensis sp. nov.
Streptomyces barkulensis (bar.kul.en9sis. N.L. masc. adj. pref. barkul-pertaining to the location from where the type strain was isolated).
Aerobic, Gram-reaction-positive, non-motile actinomycete with branching aerial and substrate mycelia which differentiate into well-developed aerial spore mass. Mature aerial hyphae produce spores that are round, non-motile with warty surface forming spore chains that are straight to flexuous (Rectiflexibles). Grows well on ISP 3 and ISP 6, and moderately well on ISP 4, ISP 5 and ISP 7; no growth is observed on ISP 2. Aerial mycelia are whitish grey (ISP 3) and white (ISP 6) but are not seen on ISP 4, ISP 5 or ISP 7. Substrate mycelia are off-white on all ISP media. Colour of aerial spore mass is white. Does not form any diffusible pigments and melanin on any of the ISP media tested. Grows at 30-40 u C (optimum, 30 u C), at pH 7-10 (optimum, pH 8) and with 0-10 % (w/v) NaCl (optimum, 8 % NaCl); tolerates up to 18 % NaCl. No growth is seen below 30 u C and at pH 6. The cell wall is type I and contains LL-DAP. Cellobiose, D-fructose, Dgalactose, D-glucose, D-mannose, maltose, raffinose, ribose, L-rhamnose and D-xylose are utilized as sole source of carbon, but not arabinose, inositol or lactose. Positive for hydrolysis of starch, chitin, cellulose, CM-cellulose, pectin, Tween 80, tributyrin and lecithin, gelatin liquefaction, milk coagulation, and presence of catalase and oxidase. Negative for utilization of urea and citrate, nitrate reduction and hydrolysis of xylan. Sensitive to (mg per disc) amoxicillin (50), co-trimoxazole (25) The type strain, RC 1831 T (5JCM 18754 T 5DSM 42082 T ), was isolated from estuarine brackish water sediment samples collected from a fish dumping yard in Barkul village, Chilika Lake, Odisha, India. The DNA G+C content of the type strain is 66.2 mol%.
